This report investigated the photocatalytic degradation of 2-chlorophenol using TiO 2 nanofibers and Ag-doped TiO 2 nanofibers, synthesized using the sol-gel and electrospinning techniques, and an ultraviolet light-emitting diode (UV-LED) system as a UV light source. The crystallite size of the Ag-doped TiO 2 nanofibers was smaller than that of the TiO 2 nanofibers, because silver retrained phase transformation not only controls the phase transformation but also inhibits the growth of anatase crystallites. The activation energies for the grain growth of the TiO 2 nanofibers and the Ag-doped TiO 2 nanofibers were estimated to be 20.84 and 27.01 kJ/mol, respectively. The photocatalytic degradation rate followed a pseudo-first-order equation. The rate constants ( ) of the TiO 2 nanofibers and the Ag-doped TiO 2 nanofibers were 0.056 and 0.144 min −1 , respectively.
Introduction
TiO 2 is the most widely used photocatalyst owing to its photostability, nontoxicity, ow cost, and insolubility in water under most environmental conditions [1] . Excitation of TiO 2 generates highly reactive electron-hole pairs that subsequently produce highly potent radicals (such as
• OH and O 2 • − ) that oxidize organic and inorganic pollutants. However, the optimal design of the reactor and the various operational conditions are major concerns in the development and potential applications of photocatalytic processes. Virtually all previous work on photocatalytic degradation with respect to the removal of pollutants from wastewater has been carried out using broad spectral radiation sources, such as UV lamps, and TiO 2 as the photocatalyst. The traditional UV source is a mercury vapor high-pressure lamp, which is also a source of gas discharge [2, 3] . The mercury used in this UV lamp is specified as a hazardous air pollutant by the U.S. Environmental Protection Agency and can damage the brain and kidneys. Ultraviolet light-emitting diodes (UV-LEDs) are a new, safer, and energy efficient alternative to traditional gas discharge sources. LEDs are a directional light source, in which the maximum emitted power is in the direction perpendicular to the emitting surface. A typical lifetime of 100,000 h is another advantage of UV-LEDs, whereas the lifetime of gas discharge sources is approximately 1000 h. The electrospinning technique has been recognized as a versatile and effective method for the preparation of nanofibers with small diameters and high surface-to-volume ratios [4] [5] [6] [7] , and the fabrication of TiO 2 nanofibers by electrospinning was first reported in 2003 [8] . Some researchers have already prepared pure inorganic fibers comprised of TiO 2 [9] [10] [11] . Based on these previous reports, TiO 2 fibers were fabricated from a mixture of titanium isopropoxide (TiP) and a polymer using electrospinning techniques. After thermal treatment, TiO 2 (anatase and/or rutile phase) fibers were obtained. Bender et al. [12] , Alves et al. [13] , and Ding et al. [14] studied the electrospun TiO 2 nanofibers as a photocatalyst to be applied to the degradation of dye pollutants. However, there has been very little research on photocatalytic degradation using metal-doped (Ag, Pd, and Pt) TiO 2 nanofibers. Some metal materials, such as Ag, Pd, and Pt, supported on the TiO 2 surface can greatly accelerate the decomposition rate of organic compound by effectively consuming the photoproduced electrons in the reduction of oxygen, thereby reducing the recombination of electrons (e − ) and holes (h + ) [15] [16] [17] [18] .
Recently, some researchers have demonstrated the photocatalytic degradation of organic materials using the TiO 2 and UV-LED system [19] [20] [21] . The TiO 2 nanofibers photocatalyst is illuminated by the near-UV-LED light source in order to activate its band gap energy and to produce subsequently electron-hole pairs that act as oxidizing and reducing agents.
In this work, Ag-doped TiO 2 nanofibers were prepared using the electrospinning method in order to prevent recombination, which causes the relatively low photocatalytic efficiency. TiO 2 presents the relatively high electron-hole recombination rate which is detrimental to its photoactivity. In this sense, Ag-doped TiO 2 could make a double effect: (1) Firstly, it could reduce the band gap energy, thus shifting the adsorption; (2) secondly, Ag could provoke a decrease in electron-hole recombination rate, acting as electron traps [18] . The photocatalyst samples (TiO 2 nanofibers and Agdoped TiO 2 nanofibers) were characterized using fieldemission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), and Brunauer-Emmett-Teller (BET) surface area. The activation energy for the grain growth of the TiO 2 nanofibers was calculated by the Arrhenius equation, based on the XRD results. The photocatalysts were evaluated for the photodecomposition of 2-chlorophenol under the UV-LED system.
Experimental
TiO 2 nanofibers and Ag-doped TiO 2 nanofibers were fabricated using the method described by Park et al. [7] . Electrospun nanofibers were prepared using TiP and polyvinylpyrrolidone (PVP) as precursors. 6 mL of TiP was first mixed with 12 mL of acetic acid and 12 mL of ethanol. After 60 min, this solution was added to 30 g of ethanol, which contained 10 wt% PVP and 1.986 mL of 0.5 N AgNO 3 (5% of the molar amount of TiP), followed by magnetic stirring for 24 h. The mixture was immediately loaded into a glass syringe equipped with a 21 G stainless steel needle, and the needle was then connected to a high voltage supply (DC power supply PS/ER 50R06 DM22, Glassman High Voltage Inc., USA). A voltage of 20 kV was applied between the needle Journal of Nanomaterials and the collector, and the distance between the needle and the target was 15 cm. The flow rate was maintained at 50 L/min using a syringe. The prepared electrospun TiP/PVP nanofibers were calcined at 500 ∘ C. The morphology of the electrospun TiO 2 nanofibers was observed using FE-SEM (Hitachi, S-4800) with the energy dispersive X-ray (EDX). XRD patterns were recorded using a Philips (X'Pert PR O MPO) diffractometer (Cu K radiation) at a scanning rate of 0.01 ∘ /sec in the 2 range of 10 ∘ to 90 ∘ . The photo-reactor consists of a planar cell comprised entirely of SS 316 L glass. The planar reactor contained two hollow fillisters that were 205 mm long and 45 mm wide at the top and bottom fixtures, respectively. The UV-LED system, which was used as the UV light source, consisted of a 3 × 11 array of UV-LEDs (3.3 V, 8 mW, and 365 nm). The 2-chlorophenol (99.9% trace metal basis, Aldrich) was analytical grade, and deionized water was used in all decomposition experiments. The concentrations of the 2-chlorophenol aqueous solutions were analyzed by HPLC (Sykam S210) with an ODS C18 column (150 mm × 4.6 mm). The eluent was 65% acetonitrile, the flow rate was 1 mL/min, and the absorbance was monitored at 280 nm. Figures 1 and 2 show FE-SEM images and XRD patterns, respectively, of the TiO 2 nanofibers and the Ag-doped TiO 2 nanofibers, at a calcination temperature of 500 ∘ C. After calcination of the TiP/PVP composite nanofibers, the TiO 2 nanofibers were fabricated by removing the PVP during calcination. TiO 2 nanofibers (Figure 1(a) ) and Ag-doped TiO 2 nanofibers (Figure 1(b) ) with a diameter of 100 to 150 nm were obtained after calcination at 500 ∘ C. Figure 1 (c) showed EDX spectrum at a calcination temperature of 500 ∘ C. An Ag doping amount of 0.35 wt.% was estimated from the EDX analysis. According to Park et al. [7] , the Ag controlled the phase transformation temperature of the TiO 2 nanofibers. At the Bragg angle (2 ) of 25.2 ∘ , the anatase ratio of the corresponding plane (101) (extracted from XRD pattern) was calculated from the Spurr equation against corresponding plane (101) [22] . TiO 2 nanofibers were observed in both the 46% anatase phase and the 54% rutile phase, and the Agdoped TiO 2 nanofibers were only observed in the anatase phase.
Results and Discussion
The grain growth is a thermal activation process, satisfying the well-known Arrhenius equation:
where is the average grain size, is preexponential factor, is the activation energy for the atomic diffusion near the grain boundary, is the gas constant, and is temperature in Kelvin. Figure 3 shows the plot of ln( ) as a function of 1/ in Kelvin. The activation energy for the grain growth of TiO 2 nanofibers was estimated to be 20.84 kJ/mol from the slope of ln( ) versus 1/ , which is lower than the 27.02 kJ/mol value of the Ag-doped TiO 2 nanofibers. The lower activation energy for the growth of nanograins is a result of the chemical potential of the atoms in the nanosize grains being much higher, which leads to more active growth. Figure 4 shows nitrogen-adsorption measurements of the sample. The Brunauer-Emmett-Teller (BET) surface area of TiO 2 nanofibers and Ag-doped TiO 2 nanofibers was 215.2 and 219.9 m 2 /g, respectively. The pore volume and pore size of the sample were determined using the DFT method. For the TiO 2 nanofibers and the Ag-doped TiO 2 nanofibers, the pore volumes were 0.136 and 0.410 cm 3 /g and the pore sizes were 45.40 and 13.85Å, respectively. Figure 5 shows the changes in 2-chlorophenol concentration with respect to irradiation time during the UV-LED process. In the case of Ag-doped TiO 2 nanofibers, photodegradation of 2-chlorophenol was increased, which may have been attributed to the following four reasons. (1) Appropriate amount of the doped and deposited Ag species on the surface layer of TiO 2 nanofibers effectively captured the photoinduced electrons and holes. (2) Photoinduced electrons were quickly transferred to the oxygen adsorbed on the surface of TiO 2 nanofibers. (3) The amount of the surface hydroxyl was increased. (4) The response range to light was expanded to the visible region [15] . These advantages of the Ag-doped TiO 2 nanofibers remarkably improved its photocatalytic performance.
We calculated the kinetic constant using a pseudo-firstorder equation (2) and a simplified version of the Lagergren equation (3) . Based on the adsorption capacity, Lagergren [20] proposed a rate equation for the sorption of a solute from a liquid solution. The Lagergren equation is the most widely used rate equation in liquid-phase sorption processes, and this kinetic model is expressed as
Integrating the above equation for the boundary conditions = 0 to = and = yields ln ( − ) = ln ( − 1 ) . The kinetic constant 1 (min −1 ) can be determined by plotting ln( − ) against or ln( − )/ versus . It is important to note that the correlation coefficients ( 2 ) of the pseudo-first-order model for the linear plots 
Conclusions
TiO 2 nanofibers and Ag-doped TiO 2 nanofibers were fabricated by applying the sol-gel and electrospinning techniques. TiO 2 nanofibers and Ag-doped TiO 2 nanofibers were applied as a photocatalyst system with UV-LEDs in order to measure the photocatalytic degradation of 2-chlorophenol. The crystallite size of the Ag-doped TiO 2 nanofibers was smaller than that of the TiO 2 nanofibers, because silver is restrained in this phase transformation. The activation energies for the grain growth of the TiO 2 nanofibers and the Ag-doped TiO 2 nanofibers were 20.48 and 27.02 kJ/mol, respectively. These photocatalysts were evaluated based on the photodecomposition of methylene blue under UV-LEDs. The photocatalytic degradation rate followed a pseudo-firstorder equation. The rate constants ( ) of the TiO 2 nanofibers and Ag-doped TiO 2 nanofibers were 0.056 and 0.144 min −1 , respectively.
